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In general, total organic carbon (TOC) is directly used as a proxy for paleoproductivity, however, it is not only affected by 
paleoproductivity, but also controlled by redox conditions and terrigenous detrital matter influx. Major and trace elements were 
analysed with the purpose of investigating the redox potential and paleoproductivity during deposition of the Hongshuizhuang 
Formation. In the present study, C-S relationship, V/Cr ratio and Mo concentration indicate that the dolomites were deposited in 
oxic environments, however, most of the black shales were accumulated in euxinic environments. P/Ti values in the Hongshuizhuang 
samples can be compared with those in the Japanese Ubara Permian-Triassic section which were regarded to be deposited under a 
moderate to high paleoproductivity. Ba/Al values are slightly lower than that of the laminated sediments from the continental 
margins of Central California (CCAL) which were thought to be accumulated under a high paleoproductivity. These results indi-
cate that the paleoproductivity was moderate to high during deposition of the Hongshuizhuang Formation. Burial organic carbon 
shows positive correlations with V/Cr and Mo, but shows only weakly or no correlation with P/Ti and Ba/Al, respectively, sug-
gesting that although the paleoproductivity was moderate to high during deposition of the Hongshuizhuang Formation, its organ-
ic-rich sediments were predominantly controlled by redox conditions and had no direct relationship with paleoproductivity. 
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The definition of paleoproductivity is the velocity of energy 
fixed by marine organisms during the process of energy 
cycles, i.e. the amount of organic matter produced in per 
unit area and per unit time [1]. Paleoproductivity provides 
source material for the formation of sedimentary organic 
matter. Usually, total organic carbon (TOC) has been used 
as a direct paleoproductivity indicator. High TOC is re-
garded to be related with a high paleoproductivity, while 
low TOC is thought to be a direct result of a low paleoproduc-
tivity. However, TOC is a biogeochemical product during 
the carbon cycle and is the sedimentary and preserved or-
ganic carbon in the sediments after the primary producers 
experienced the processes of generation, death, decomposi-
tion, mineralization and so on [2]. Therefore, the pre-
sent-day meseared TOC in sediments represents the burial 
organic matter, i.e. burial organic carbon. Thus it can be 
seen that TOC in the marine sediments is not only con-
trolled by paleoproductivity, but also by decomposition ve-
locity, preservation and terrigenous detrital matter influx 
[3–5]. So the dicussion of the relationship between burial 
organic carbon and paleoproductivity will be helpful to 
evaluate the paleoproductivity. Trace elements that reflect 
the habitat, nutriture and sedimentary environments, such as 
biogenic barium, phosphrous, Al/Ti, authigenic U and so on, 
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are widely used to assess paleoproductivity [6–19]. Dean et 
al. [20] proposed Ba/Al to evaluate the paleoproductivity of 
the laminated sediments in the central California (CCAL) 
margins during the last interstadial (OIS-3, ca. 60–24 ka) 
and found that Ba/Al as a paleoproductivity indicator and 
TOC/Al as a redox proxy showed an apparent positive cor-
relation. Algeo et al. [21] used excess Ba (Baex) and P/Ti as 
paleoproductivity proxys in two Permian/Triassic boundary 
sections (Ubara and Gujo-Hachiman) in central Japan. The 
average TOC in the two sections is 0.13% and 0.19%, re-
spectively, however, they were deposited in a moderate to 
high productivity location. It is thus clear that the relation-
ship between paleoproductivity and TOC is not the same 
under different geological settings so that it is important to 
discuss the correlation between them. 
The sediments of the Mesoproterozoic Hongshuizhuang 
Formation are predominantly a succession composing of 
black shales and dolomites in the northern north China. The 
balck shales are rich in organic matter and are regarded as 
one of the oldest organic-rich sediments and hydrocarbon 
rocks in China [22]. During the Mesoproterozoic, there were 
no higher plants. The biological source of organic matter 
were mainly plankton. The biodiversity is single and the 
burial organic carbon in the sediments is mainly derived from 
the marine primary productivity. Therefore, the Hongshui-      
zhuang Formation samples are good materials for discuss-
ing the correlation between burial organic carbon and ma-
rine paleoproductivity. Researching on the paleoproductivi-
ty during deposition of the Hongshuizhuang Formation is of 
great importance to the Mesoproterozoic carbon cycle among 
atmosphere, hydrosphere, biosphere and lithosphere. 
1  Geological setting 
According to the tectonic subdivision, the Yanshan basin 
can be divided into five sags and two uplifts which include 
Liaoxi sag, Shanhaiguan uplift, Jibei sag, Jidong sag, Jingxi 
sag, Mihuai uplift and Xuanlong sag from east to west (Fig-
ure 1). Meso-Neoproterozoic in the Yanshan basin belongs 
to the aulacogen sediment [23,24]. The structure history 
during Meso-Neoproterozoic in the Yanshan basin was 
mainly controlled by the emergence and evolution of the 
Yanshan aulacogen. Evolution of the Yanshan aulacogen 
can be divided into three stages: early emergence (1800– 
1600 Ma), middle development (1600–1400 Ma) and late 
extinction (1400–1300 Ma) [22]. The Meso-Neoproterozoic 
in this region can be differentiated into 3 systems and 12 
formations from bottom to top (Figure 2). Recent chrono-
logical researches reveal that ages of the Xiamaling For-
mation and Tieling Formation overlying the Hongshuizhuang 
Formation were 1327–1368 Ma [25–28,1)] and 1437±21 Ma  
 
Figure 1  Tectonic subdivisions of the northern North China.  
                      
1) Zhong N N, Zhang Z H, Huang Z L, et al. Histories of hydrocarbon generation and charging of Mesoproterozoic sediments in north China. A report 
for the project of Sinopec Marine Prospecting Program (YPH-08-028). 2009 (unpublished).  
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Figure 2  Stratigraphic column of the Meso-Neoproterozoic section intersected by well JQ1. Fm, Formation; HST, Highstand System Tract; TST, Trans-
gressive System Tract.  
[28], respectively. Therefore, the age of the Hongshuizhuang 
Formaiton was older than 1400 Ma which is in correspond-
ence with the early period of the Yanshan aulacogen late 
extinction stage. 
The well JQ1 which is located in the Jibei sag of the 
Yanshan basin, nothern north China (Figure 1), was drilled 
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to the full section of the Hongshuizhuang Formation. The 
thickness of the Hongshuizhuang Formation is about 140 m 
in the well. The Foramtion can be divided into three litho-
logical subunits from bottom to top. The lower subunit con-
sists of thin black siliceous shales and argillaceous dolo-
mites with rhythmic bedding that reflects a subtidal sedi-
mentary environment, and comprises a ‘third-sequence’ 
transgressive system tract (TST). The middle subunit con-
sists of black shales with disseminated pyrites and small 
amounts of glauconites, consistent with sedimentation in a 
shallow sea environment representing the period of deepest 
water during deposition of the Hongshuizhuang Formation 
[29–32]. The upper subunit includes silty dolomites with 
micritic dolomite towards the top, indicating water shoaling 
to a subtidal environment (Figure 2). The middle-to-upper 
subunits of the Hongshuizhuang Formation together with 
the lower part of the Tieling Formation constitute a ‘third- 
sequence’ highstand system tract (HST) (Figure 2). 
2  Sampling and experimental 
A total of 47 samples of depths between 65 and 210 m (Ta-
ble 1) were collected from well JQ1. The samples were 
ground in an agate mortar and pestle to 200 mesh size. For 
TOC analyses, a 0.10 g sample was treated in a sterilized 
crucible with 12.5% HCl to remove carbonates, then washed 
with distilled water at intervals of about half an hour for 
three days. The samples were eventually oven-dried and 
residual organic carbon was measured using a Leco CS230 
analyzer. 
Al2O3 concentrations were determined at the China Uni-
versity of Mining and Technology (Beijing) by X-ray fluo-
rescence (XRF), using an ARL ADVANT’X. Al content 
was caclulated according to the molecular weight of Al2O3. 
The pyrite sulfur (Sp) extraction procedure is based on the 
Chromium reduction method [33–35]. 0.5 g shale or 5.00 g 
dolomite reacted with 20 mL HCl (1 mol/L). The 10 mL 
CrCl2 (1 mol/L) was added to the residual solution and 
heated on an electrical heating jacket, which would make Sp 
transform into H2S. H2S was converted into Ag2S by react-
ing with AgNO3 solution. The latter two steps were under 
the N2 atmosphere. Weigh Ag2S after drying, then Sp can be 
calculated based on the molecular weight of Ag2S. 
The samples were prepared for trace and major elements’ 
analyses using about 25 mg of powdered and homogenized 
sample loaded in polytetrafluoroethylene (PTFE) vessels 
and heated to 190°C for 72 h in PTFE autoclaves with 1 mL 
HF (40%) and 1 mL HNO3 (65%). Acids were removed by 
evaporation at 200°C on hot plates, and the wet residues 
were twice redissolved and re-evaporated using  0.5 mL 
HNO3 (65%). After the final HNO3 treatment, wet residues 
were again heated to 130°C for 12 h in PTFE autoclaves 
with 5 mL HNO3 (32.5%). The wet residues were diluted to 
30 mL with 2% HNO3. For analysis, the acid digestions 
were spiked with Rh and Re as internal standards. The Chi-
nese standard matters GB7107 (shale) and GB7114 (dolo-
mite) were used to check the accuracy of the analyses. The 
detection limit of V, Cr and Mo is 0.01 ppm, 0.1 ppm for Ba, 
1 ppm for P and Ti. Measurements were carried out using a 
Perkin Elmer Elan DRC-e ICP-MS in the State Key Labor-
atory of Petroleum Resource and Prospecting, China Uni-
versity of Petroleum, Beijing. 
3  Results and discussion 
Table 1 shows the measurement results and inorganic geo-
chemical parameters of the Hongshuizhuang Formation for 
JQ1 samples. 
3.1  The relationship between the burial organic carbon 
and sulfur in the pyrite 
As shown in Table 1, TOC of the dolomites ranges from 
0.08% to 0.65%, averaging 0.30%. The dolomites contain 
between 0.01% and 1.16% Sp, with a mean of 0.25%. TOC 
falls between 0.41% and 8.00% in the black shales, with an 
average of 3.56%, however, Sp spans from 0.31% to 2.87%, 
with a mean of 1.11%. Therefore, the TOC and Sp in the 
black shales are apparently higher than those of the dolo-
mites. 
C-S relationship was widely used to evaluate the redox 
conditions during deposition of the sediments [4,36–39]. In 
the normal marine (oxic) environments, the oxic-anoxic 
boundary is under the sediment-water interface. So the sul-
fates were reduced to form pyrite by organic matter below 
the sediment-water interface. Iron participating in the sul-
fate reaction was derived from the detrital matter in the 
sediment, so the Fe supply was enough in the system. So the 
pyrite formation was mainly controlled by the burial organic 
matter under this circumstance. Therefore, the ratio of the 
organic matter participating in sulfate reduction reaction 
and the sulfur in the pyrite was certain. Simillarly, the ratio 
of the organic matter that participated in sulfate reduction 
reaction and the originally buried organic matter was certain 
too. The conclusion which can be inferred from these results 
is that the remaining burial organic matter (TOC) and Sp 
show a positive correlation, and show a zero intercept be-
cause if there were no organic matter in the system, the sul-
fate reduction reaction would not happen and thus no pyrite 
was formed [36–39]. On the other hand, under anoxic or 
euxinic environments, the oxic-anoxic boundary is in the 
water column. In this case, the H2S is enough in the water 
column, so the pyrite formation which was happened in the 
water column is primarily influenced by availability iron. 
Therefore, A plot of TOC and Sp shows no direct correla-
tion between the two variables, and shows a nonzero sulfur 
intercept because even if there is no organic matter in the 
sediment, there are enough free H2S for pyrite formation in  
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Table 1  Geochemical data of the Hongshuizhuang Formation samples from well JQ1 
Sample Lithology Depth (m) TOC (%) Sp (%) V (ppm) Cr (ppm) V/Cr Mo (ppm) Al (%) Ti (ppm) P (ppm) P/Ti Ba (ppm) Ba/Al
a) 
H-47 dolomite 66.18 0.11 0.02 2.86 6.16 0.46 0.48 0.35 139 265 1.91 21.3 60.34
H-46 dolomite 66.68 0.64 0.14 14.03 13.70 1.02 0.04 2.27 961 194 0.20 98.7 43.48
H-45 dolomite 69.18 0.08 0.07 2.35 6.43 0.37 b) 0.66 362 185 0.51 111.0 169.21
H-44 dolomite 72.94 0.15 0.06 24.60 21.10 1.17  3.14 1490 261 0.18 181.0 57.64
H-43 dolomite 79.19 0.24 0.01 8.87 11.80 0.75 0.14 1.34 634 282 0.44 115.0 85.82
H-42 dolomite 81.33 0.38 0.14 48.90 36.65 1.33 0.43 5.24 2395 329 0.14 318.5 60.78
H-41 dolomite 91.71 0.23 0.15 47.40 37.10 1.28  5.33 2660 513 0.19 343.0 64.35
H-40 dolomite 96.58 0.16 0.08 60.00 44.50 1.35 0.03 5.39 2980 444 0.15 384.0 71.24
H-39 dolomite 100.83 0.29 0.03 41.40 40.00 1.04  5.48 2450 393 0.16 795.0 145.07
H-38 dolomite 106.74 0.22 0.16 52.40 37.50 1.40  5.49 2490 431 0.17 324.0 59.02
H-37 dolomite 108.99 0.31 0.27 64.30 49.10 1.31  6.13 3025 586 0.19 424.0 69.17
H-36 dolomite 111.56 0.28 0.16 50.70 39.50 1.28  5.53 2630 453 0.17 357.0 64.56
H-35 shale 116.85 4.67 1.92 592.00 83.50 7.09 55.90 6.50 3150 1340 0.43 493.0 75.85
H-34 shale 118.96 4.67 1.31 548.00 64.00 8.56 43.10 5.92 2960 1360 0.46 498.0 84.12
H-33 shale 120.63 4.50 1.44 565.00 57.00 9.91 34.70 6.33 3020 1380 0.46 508.0 80.25
H-32 shale 123.86 3.92 1.25 598.00 77.40 7.73 44.20 6.61 3220 1620 0.50 505.0 76.40
H-31 shale 126.61 4.10 1.25 477.00 77.10 6.19 58.30 6.74 3410 1190 0.35 545.0 80.86
H-30 shale 129.43 3.30 0.78 304.00 53.70 5.66 32.40 6.45 2880 1080 0.38 499.0 77.36
H-29 shale 133.01 3.85 1.27 484.00 64.00 7.56 58.50 6.00 3240 1560 0.48 560.0 93.33
H-28 shale 136.33 4.74 2.10 487.00 58.90 8.27 62.90 5.52 2630 1860 0.71 454.0 82.25
H-27 shale 139.83 5.46 0.64 296.50 48.50 6.11 43.95 4.69 2380 1650 0.69 413.5 88.17
H-26 shale 141.56 5.72 1.94 345.00 50.60 6.82 54.80 4.75 2310 2010 0.87 420.0 88.42
H-25 shale 145.56 5.30 1.63 365.00 42.00 8.69 50.30 4.67 2180 1930 0.89 410.0 87.79
H-24 shale 148.16 1.33 2.87 140.00 21.60 6.48 5.29 2.82 1270 491 0.39 188.0 66.67
H-23 shale 151.56 5.18 1.27 350.00 44.30 7.90 27.30 5.05 2410 1990 0.83 433.0 85.74
H-22 shale 154.69 1.31 0.93 44.45 35.70 1.25 0.64 5.14 2180 871 0.40 430.5 83.75
H-21 shale 156.84 1.18 0.84 57.30 40.40 1.42 1.12 6.00 2710 1010 0.37 541.0 90.17
H-20 shale 160.43 0.70 0.38 56.40 50.10 1.13 0.69 7.02 3070 1040 0.34 499.0 71.08
H-19 shale 163.02 2.89 0.99 80.20 64.20 1.25 3.37 6.17 2420 800 0.33 736.0 119.29
H-18 shale 166.11 3.73 0.73 131.00 52.70 2.49 6.93 5.79 2600 1580 0.61 485.0 83.77
H-17 shale 169.3 4.07 1.15 334.50 70.30 4.76 16.35 5.92 2885 1845 0.64 479.5 81.00
H-16 shale 172.38 4.41 0.89 294.00 50.40 5.83 13.10 5.27 2390 1550 0.65 508.0 96.39
H-15 shale 175.57 4.95 1.40 290.00 45.80 6.33 27.90 4.67 2160 1520 0.70 643.0 137.69
H-14 shale 177.05 3.51 0.31 201.00 41.70 4.82 5.58 4.50 1980 793 0.40 390.0 86.67
H-13 shale 179.05 0.82 0.81 64.40 53.30 1.21  6.35 3350 2190 0.65 412.0 64.88
H-12 dolomite 179.72 0.46 0.24 31.00 61.00 0.51 0.58 3.67 1820 1390 0.76 340.0 92.64
H-11 dolomite 180.69 0.35 0.73 15.85 15.75 1.01 0.24 1.89 865 684 0.79 130.0 68.78
H-10 dolomite 190.78 0.21 0.64 6.87 15.50 0.44 0.39 1.25 450 477 1.06 68.6 54.88
H-9 shale 194.17 1.00 1.89 253.00 83.80 3.02 5.14 7.61 3930 2710 0.69 576.0 75.69
H-8 shale 195.09 0.93 0.47 22.70 19.90 1.14 0.89 2.34 860 719 0.84 203.0 86.75
H-7 shale 195.76 5.67 0.66 212.00 48.30 4.39 15.50 4.34 2050 2070 1.01 360.0 82.95
H-6 shale 196.73 0.41 0.80 42.00 31.90 1.32 1.22 4.49 1540 1200 0.78 222.0 49.44
H-5 dolomite 200.9 0.65 1.17 13.15 13.70 0.96 0.62 1.58 553 654 1.18 79.5 50.32
H-4 shale 205.01 4.67 0.62 110.00 45.80 2.40 6.76 4.25 1800 1620 0.90 416.0 97.88
H-3 shale 205.31 4.13 0.64 62.20 42.60 1.46 2.88 4.09 1860 1930 1.04 364.0 89.00
H-2 shale 206.92 1.25 0.66 29.10 38.60 0.75 1.01 3.73 1550 1150 0.74 286.0 76.68
H-1 shale 207.58 8.00 0.84 116.00 90.20 1.29 14.00 7.21 3590 2670 0.74 285.0 39.53
a) The unit of Ba/Al is ppm/%; b) “” represents that the concentration of elements is lower than 0.01 ppm.  
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the water column or sediment [36–39].  
As shown in Figure 3, TOC and Sp show a positive cor-
relation (r=0.71) in the dolomites and part of black shales 
(TOC<2%), and the intercept is close to 0, which indicate 
these sediments were deposited in oxic environments. TOC 
and Sp show no direct correlation (r=0.14) in other black 
shales (TOC>2%), and the intercept on the Sp axis is 0.88%, 
which suggest that they might be deposited under anoxic or 
euxinic environments. 
3.2  The redox conditions during the deposition and 
burial of organic carbon 
The dolomites of the Hongshuizhuang formation contain 
between 0.37 and 1.40 V/Cr, with a mean of 0.98. V/Cr 
spans from 1.13 to 9.91 in the black shales, averaging 4.91 
and maxing at 120 m (Figure 4 and Table 1). V/Cr remains 
nearly constant from the lower subunit to the lower part of 
the middle subunit (only showing variation at 195.76– 
194.17 m), then increases suddenly and reaches the maxi-
mum 6.33 at around 175 m, subsequently decreases slowly 
and continues at about 1 at 163–155 m, then increases and 
keeps on between 6 and 10, eventually endures at 1 in the 
dolomites of the upper subunit. 
In oxygenated envrionments, V5+ is found in the form of 
vanadate [40], however, under anoxic or euxinic environ-
ments, V5+ is reduced to form VO(OH)2 or organometallic 
ligands or vanadium porphyrin or V2O3 or V(OH)3 which 
then can be enriched in the sediment [41–46]. Under oxic 
seawater, Cr is present mainly as Cr4+ in the chromate anion 
[47]; however, in anoxic circumstances, Cr4+ is reduced to 
Cr3+ which is mainly enriched in the sediment as Cr2O3 or 
Cr(OH)3 or complexation with humic/fulvic acids or adsorp-
tion on Fe- and Mn-oxyhydroxides [48,49]. Under euxinic 
 
Figure 3  Crossplot of TOC and pyrite S of the Hongshuizhuang For-
mation samples. The chain line represents the trend line of TOC and pyrite 
S for dolomites and black shales (TOC<2%); the dotted line is for black 
shales (TOC>2%).  
environment, Cr3+ adsorption by authigenic Fe-sulfides is 
very limited [50,51]. In addition, the insoluble chromium 
sulfide is not present so far [51]. 
Based on the behavior of V and Cr as stated above, Jones 
et al. (1994) [52] proposed V/Cr ratio to evaluate redox 
conditions. A V/Cr ratio <2 suggests oxic conditions, 2– 
4.25 implies suboxic conditions, and >4.25 represents an-
oxic to euxinic conditions. V/Cr values are smaller than 2 in 
the dolomites, suggesting that the dolomites were deposited 
in oxic environments. Most of the black shales contain V/Cr 
larger than 4.25, especially the shales from the upper 
(116.85–151.56 m) and lower (166.11–177.05 m) parts of 
the middle subunit, indicating most of the black shales were 
deposited in anoxic or euxinic environments. More specifi-
cally, the black shales in the middle (154.69–163.02 m) and 
bottom-most (179.05 m) parts of the middle subunit contain 
low V/Cr, smaller than 2, suggesting they were derived 
from oxic environments. V/Cr values range between 0.75 
and 4.39 in the black shales from the lower subunit, sug-
gesting the redox environments were turbulent (oxic to 
euxinic) (Figure 4 and Table 1). 
The Mo contents with depth are in a similar trend with 
V/Cr (Figure 4). As shown in Table 1, Mo contents in the 
dolomites are either lower than the detection limit or in the 
range of 0.03 to 0.62 ppm. In oxic seawater, Mo is present 
as stable MoO4
2 [53]. The residual MoO4
2 may be trans-
ferred to sediment-water interfaces by adsorption onto Mn- 
oxyhydroxides and humic substances [54–56]. Below the 
oxic-anoxic interface, Mo was released to pore water be-
cause of the reductive dissolution of Mn-oxyhydroxide par-
ticles [55], which can explain the enrichment of Mo at or 
near oxic-anoxic interface, but can not explain its enrich-
ment in the sediment [46]. Helz et al. [56] proposed that one 
S2 can replace one O2 in MoO4
2 in the presence of H2S to 
create thiomolybdates (MoOxS4
2
x, x=0 to 3), which makes 
Mo become a particle-reactive species and then can be en-
riched in the sediments [54,57]. The Mo contents in the do-
lomites are even lower than those of terrigenous detrital 
matter (1 ppm) [20] and plankton (2 ppm) [58], indicating 
no enrichment of Mo. Therefore, the dolomites were depos-
ited under oxic environments. 
As stated above, Mo is only enriched in euxinic envi-
ronments, so Mo was regarded as the best diagnosis to dis-
tinguish anoxic and euxinic environments [59]. Mo ranges 
from 5.29 to 62.90 ppm in the black shales from the the 
upper part (116.85–151.56 m) of the middle subunit and 
falls between 5.58 and 27.90 ppm in the black shales from 
the lower part (166.11–177.05 m) of the middle subunit. 
Although these Mo contents are lower than that of the sed-
iments from balck sea (150 ppm) [60], they are higher than 
those of the detrital matter (1 ppm) [20] and plankton (2 
ppm) [58]. At the same time, Piper (1994) [61] and Crusius 
et al. [55] suggested that 5–40 ppm Mo implies euxinic en-
vironment. So euxinic environments was related with the 
black shales from the the upper and lower parts of the middle  
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Figure 4  Profiles of TOC, P/Ti, Ba/Al, V/Cr and Mo in the Hongshuizhuang Formation samples from well JQ1. “×” indicates Mo content is lower than the 
detection limit.  
subunit. The black shales of the middle (154.69–163.02 m) 
and bottom-most (179.05 m) parts of the middle subunit 
contain low Mo, lower than 2 ppm except one sample, sug-
gestive of oxic environment. Mo concentrations in the black 
shales of the lower subunit are lower than that of the black 
shales from the upper part of the middle subunit, and part of 
them are even lower than 5 ppm, also indicating redox en-
vironments are turbulent (Figure 4, Table 1). 
3.3  Paleoproductivity during the deposition of the 
Hongshuizhuang Formation 
(1) P/Ti ratio. N and P are the most important nutrient ele-
ments for plankton. Plaeoproductivity in marine environ-
ments is mainly controlled by the availability of N and P 
[62]. However, marine photosynthesizers can fix N2 in the 
atmonsphere [63], so P was regarded as the ultimate limit-
ing factor in marine environments [53,63,64]. In addition, P 
is a major constituent of skeletal material and plays a fun-
damental role in many metabolic processes [46]. For these 
reasons, sedimentary records of P content was widely used 
as an indicator for paleoproductivity [3,13,21]. 
Organic matter and authigenic minerals may have a dilu-
tion effect on the absolute P content in terrigeneous detrital 
matter. In order to mitigate this effect, P/Ti or P/Al is used 
to evaluate the paleoproductivity rather than the absolute P 
content [13,21], because Ti or Al generally originates from 
terrigenous detrital matter [54,57]. In other words, P/Ti or 
P/Al can represent a nutrient condition of the ancient sea. 
In the studied samples, P/Ti is increasing with depth 
(Figure 4). In the lower subunit, P/Ti ratios range from 0.69 
to 1.18, averaging 0.88 (Table 2). The average is similar to 
that of the black shales in the Ubara section (0.79) which 
were thought to be a character of a high paleoproductivity  
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Table 2  Statistics of TOC, P/Ti and Ba/Al for the Hongshuizhuang Formation samples from well JQ1 
Subunit Depth (m) Sample counts 
TOC (%)  P/Ti  Ba/Al 
Min Max Average  Min Max Average  Min Max Average 
Upper 66.18–115.64 12 0.08 0.64 0.26  0.14 1.91 0.37  43.48 169.21 79.22 
Middle 115.64–179.42 23 0.70 5.72 3.67  0.33 0.89 0.54  64.88 137.69 86.17 
Lower 179.42–208 12 0.21 8.00 2.31  0.69 1.18 0.88  39.53 97.88 72.05 
 
during their deposition [21]. So the lower subunit was de-
posited under a high paleoproductivity. In the middle subu-
nit, P/Ti ratios fall between 0.33 and 0.89, with a mean of 
0.54 (Table 2). This mean is among those of the cherts (0.34) 
and the black shales in the Ubara section. The cherts in the 
Ubara section were thought to be deposited under a moder-
ate paleoproductivity [21]. Therefore, the paleoproductivity 
was moderate to high during depostion of the middle subu-
nit. In the upper subunit, P/Ti ratios range from 0.14 to 1.91, 
averaging 0.37 (Table 2), similar to that of the cherts (0.34) 
in the Ubara section [21], indicating a moderate paleoproduc-
tivity during their depostion.  
(2) Ba/Al ratio.The barite accumulation rate shows a 
positive correlation with primary productivity in the marine 
sediments [7–10]. Although it remains controversial wheth-
er the non-hydrothermal barite is related with organisms, 
barite had been usually used as an indicator for paleoproduc-
tivity [7–10]. Barite is the main carrier phase of Ba. Dean et 
al. (1997) [20] suggested Ba/Ti or Ba/Al ratios can be used 
to qualitatively assess the paleoproductivity. Ti or Al is also 
used as the denominator in order to eliminate the dilution 
effect of other components [57]. Both ratios may represent 
the amount of organisms in the ancient sea. 
The lower, middle, and upper subunits contain 39.53– 
97.88 Ba/Al, averaging 72.05; 64.88–137.69 Ba/Al, with a 
mean of 86.17; 43.48–169.21 Ba/Al, with an average of 
79.22 (Table 2), respectively. Sulfates are reduced after the 
exhaustion of oxygen, nitrates, Mn/Fe oxides and oxyhy-
droxides under anoxic environments. Barite dissolution re-
sults in Ba2+ being mobilized to an SO4
2-rich zone [58,65,66]. 
Although the averages of Ba/Al for the three subunits are 
low, most of the shales were deposited in euxinic environ-
ments, so some of Ba in the shales might have been mobi-
lized. Moreover, Ba/Al average ratios for the three subunits 
are only slightly lower than that (around 100–120) of lami-
nated sediments in CCAL cores which was regarded to be 
depostited under a high paleoproductivity [20]. These indi-
cate that the Hongshuizhuang Formation was deposited un-
der a moderate-high paleoproductivity, consistent with in-
terpretations based on the P/Ti values. 
3.4  Correlation between burial organic carbon and 
paleoproductivity 
Burial organic carbon was simply used as a direct paleoproduc-    
tivity indicator; however, Burial organic carbon is not only 
affected by paleoproductivity, but also redox conditions and 
terrigeneous detrital matter influx. Anoxic environments 
favor the preservation of organic matter, but oxic environments 
usually consume the organic matter. The high terrigeneous 
detrital matter influx dilute the organic matter, however, the 
low influx is not in favor of the preservation of organic 
matter. Therefore, burial organic carbon does not represent 
the content of the original organic matter. 
As shown in Table 2, although the average of burial or-
ganic carbon in the middle subunit is higher than the lower 
subunit, the paleoproductivity of the middle subunit is lower 
than the lower subunit. In addition, in the samples at 180– 
200 m, the trend of burial organic carbon is opposite to P/Ti 
or Ba/Al (Figure 4). As shown in Figure 5(a) and (b), burial 
organic carbon in the black shales with TOC>2% is in-
creasing with the increasing P/Ti, however, burial organic 
carbon show no apparent variation with the increasing of 
P/Ti and Ba/Al in the dolomites and the black shales with 
TOC<2%, especially in the dolomites. This suggests that 
burail organic carbon as a paleoproductivity proxy may un-
derestimate the paleoproductivity of the dolomites and the 
black shales with TOC<2%.  
In the present study, TOC shows strong positive correla-
tions with the redox proxies V/Cr and Mo (r=0.75 and 0.85, 
respectively), however, TOC shows weak or no correlations 
with the paleoproductivity indicators P/Ti and Ba/Al (r= 
0.39 and 0.19, respectively) (Figure 5). In addition, as 
shown in Figure 4, the trend with depth of the TOC contents 
is similar to those of V/Cr and Mo, but differs from those of 
P/Ti and Ba/Al. So the sediments were deposited under a 
moderate to high paleoproductivity regardless of the high or 
low burial organic carbon. The variation of the burial or-
ganic carbon was mainly controlled by redox conditions. 
4  Conclusions 
(1) Although the burial organic carbon in the marine 
sediments is an important record of primary productivity, 
burial organic carbon and paleoproductivity show no direct 
correlation. The burial organic carbon also may be affected 
by redox and terrigeneous detrital matter influx. 
(2) The nutrient conditions were fine in the sea during the 
deposition of the Hongshuizhuang Formation. The sediments 
were associated with a moderate to high paleoproductivity 
regardless of its high or low burial organic carbon. The  
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Figure 5  Relationship between (a) P/Ti; (b) Ba/Al; (c) V/Cr; (d) Mo, and TOC in the Hongshuizhuang Formation samples from well JQ1. The solid line is 
the trend line for the parameters of all Hongshuizhuang Formation samples. 
content of the burial organic carbon was primarily con-
trolled by redox environments. 
(3) The dolomites of the Hongshuizhuang Formation 
were deposited in oxic environments as indicated by C-S 
relationship, V/Cr and Mo, however, most of black shales 
were related with euxinic environments. This difference in 
redox conditions determines the content of burial organic 
carbon.  
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